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An  Investigation  of  Edge  Damage  Development  In  Quasi -Isotropic 

Graph Ite/Epo)^  Laminates 


\ / Abstract 

^ This  Investigation  describes  and  docinnents  In  detail  the  Initia- 
tion, growth,  and  Interactions  of  damage  along  the  free  edges  of  two 
types  of  graphlte/epo)^  fiber- reinforced  composite  laminates.  The 
damage  Is  Initiated  by  tensile  static  loading  of  flat  coupons  from  each 
type  to  three  different  stress  levels.  Growth  of  the  damage  was  caused 
by  tension-tension  fatigue  loading.  The  laminates  that  were  Investigated 
differed  only  by  stacking  sequence. 

The  observations  were  made  through  the  use  of  the  replication 
technique,  a method  developed  for  the  purpose  of  this  Investigation. 

This  technique  allows  for  three-dimensional.  Instantaneous  recordings 
of  the  entire  specimen  edge  while  It  Is  under  maximum  load.  The 
recordings  or  Impressions  can  be  studied  microscopically  and  photo- 
graphed. This  method  provides  for  detail  and  an  overall  field  of 
vision  that  has  not  been  obtained  In  previous  studies.  The  damage 
development  was  also  monitored  by  two  non-destructive  techniques; 
vibrothermography  and  an  ultrasonic-pulse  echo  method. 

After  a selected  number  of  cycles,  the  specimens  were  sta^cally 
loaded  to  fracture.  Characteristic  fracture  patterns  were  observ^for 
each  laminate.  Residual  strength  and  final  elastic  modulus  were  recorded 
for  comparative  purposes. 

An  approximate  stress  analysis  based  on  laminated  plate  theory 
and  a more  sophisticated  finite  element  analysis  were  used  to  determine 
the  stress  distributions.  A correlation  was  made  between  these  stresses 
and  the  types  of  edge  damage  observed.  ^ - 
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1.  Introduction 


Fiber-reinforced  composites  have  become  the  most  promising  mater- 
ial for  meeting  future  requirements  for  high  strength,  low  weight 
structures.  Presently,  much  research  on  composites  is  being  conducted 
by  aircraft,  automotive,  and  even  sporting  goods  manufacturers  as  well 
as  the  Department  of  Defense  and  the  National  Aeronautical  and  Space 
Administration.  Many  aspects  of  material  behavior  with  respect  to 
various  load  histories  are  still  unknown.  A more  exacting  science 
using  improved  investigative  and  analytical  methods  is  needed  to  in- 
crease design  reliability  and  to  make  use  of  the  full  advantages  of  com 
posites. 

The  purpose  of  this  investigation  is  to  observe  and  document  the 
growth  of  edge  damage  for  quasi -isotropic  graphite/epoxy  (G/Ep)  com- 
posite coupons.  Graphite/epoxy  is  one  of  the  more  common  fiber- 
reinforced  composites  and  is  presently  being  used  in  many  aircraft 
components.  The  free  edges  of  the  material  are  most  susceptible  to 
damage  due  to  the  high  stresses  that  form  there.  Damage  is  initiated 
by  tensile  static  loading  of  the  specimens  to  various  stress  levels 
and  then  caused  to  grow  by  tension-tension  fatigue  cycling.  Obser- 
vations include  the  types  of  damage  or  cracking  that  occur  and  their 
growth  and  interactions  with  respect  to  the  stress  levels  and  re- 
peated cycling. 

Much  time  and  effort  have  been  put  into  the  accumulation  of 
large  amounts  of  data  on  various  aspects  of  material  behavior,  and. 
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more  recently,  on  composite  materials.  However,  the  primary  purpose 
of  this  Investigation  Is  to  make  detailed  observations  of  basic  damage 
modes  on  a small  number  of  specimens  and  not  to  accumulate  more  data. 
The  main  objectives  are  to  develop  a method  of  accurately  documenting 
the  effect  of  load  history  on  damage  development  In  composite  mater- 
ials and  provide  a detailed  description  of  damage  Initiation,  growth, 
and  Interactions.  The  observations  that  are  made  should  aid  In  the 
understanding  of  changes  In  material  response  such  as  strength  and 
stiffness  degradation.  In  addition,  observations  concerning  the 
occurence  and  growth  of  damage  are  necessary  before  accurate  analyti- 
cal models  can  be  developed. 

The  uniqueness  of  the  observations  made  for  this  investigation 
centered  around  the  development  of  a method  known  as  the  replication 
technique.  This  technique  allows  for  three-dimensional,  instantan- 
eous recordings  of  the  entire  specimen  edge  while  it  Is  still  under 
maximum  load.  These  recordings  can  then  be  studied  microscopically 
and  any  areas  of  Interest  can  be  photographed.  This  technique  per- 
mits observations  with  two  Important  advantages  over  those  made  in 
many  previous  studies.  Since  the  replicas  are  made  while  the  speci- 
men Is  under  full  load,  much  damage  can  be  seen  that  would  not  be 
apparent  after  the  load  is  released.  The  second  advantage  Is  that 
the  entire  edge  is  recorded  and  not  just  a small  portion  as  when 
the  specimen  edge  is  photographed  through  a microscope. 

It  has  been  observed  by  many  Investigators,  in  particular, 

6.  C.  Grimes  (Ref.  1)  and  K.  L.  Reifsnider,  E.  6.  Henneke,  and 
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W.  W.  Stinchcomb  (Ref.  2),  that  the  stress-strain  behavioh  of  6/Ep 
laminates  contain  significant  and  distinct  proportional  limits..,  Grimes 
has  found  that  "in  studies  done  for  the  Air  Force  Materials  Laboratory 
(AFML:  TR-75-33,  TR-73-311,  and  TR-72-40)  the  tension  static  test  pro- 
portional limit  of  graphite/epoxy  laminates  :denotes  the  onset  of  micro- 
mechanical damage  in  the  form  of  matrix  cracking."  To  further  inves- 
tigate and  describe  the  phenomena  that  causes  the  proportional  limit, 
the  stress  levels  that  were  chosen  for  this  particular  study  repre- 
sented stresses  below,  approximately  equal  to,  and  above  the  propor- 
tional limit  stresses  for  the  particular  laminates  studied.  For  these 
laminates,  the  proportional  limits  are  actually  "knees"  in  what 
appears  to  be  a bi-1 inear  axial  stress-strain  curve.  The  differences 
in  the  observed  edge  damage  will  then  be  used  to  determine  any  signi- 
ficant developments  that  occur  at  the  knee.  The  change  in  stiffness 
at  the  knee  was  characteristic  of  each  laminate.  These  two  laminates 
differed  only  by  stacking  sequence,  therefore,  the  question  of  how 
this  influences  the  sharpness  of  the  knee  will  be  investigated. 

Direct  observation  of  damage  at  interior  regions  of  the  material 
is  much  more  difficult  to  make  than  along  the  edges.  However,  studies 
are  being  performed  at  Virginia  Polytechnic  Institute  and  State  Uni- 
versity (VPI&SU)  in  an  attempt  to  relate  the  damage  observed  on  the 
edge  of  the  specimen  with  that  in  interior  regions.  Two  non-destruc- 
tive techniques  will  be  used  in  this  investigation.  The  first,  vibro- 
thermography,  indicates  "delamination  type"  damage  in  the  plane  of 
the  specimen.  The  second,  an  ultrasonic  pulse-echo  method,  detects 


real-time  development  of  damage  under  a specimen-mounted  transducer. 
The  investigation  and  results  discussed  in  this  report  are  part  of  a 
study  of  defect-property  relationships  in  composite  materials. 


2.  Materials  and  Specimens 


The  specimens  used  in  this  investigation  were  constructed  of 
Hercules  Type  A/S  3501  graphite-epoxy  prepreg.  Table  1 indicates  the 
material  properties  at  various  temperatures  for  a unidirectional  lami- 
nate. All  room  temperature  (approximately  70°F)  properties  are  from 
the  material  manufacturer  (Ref.  3).  Stiffness  properties  have  been 
adjusted  slightly  to  agree  with  the  room  temperature  stress-strain 
curves  (Fig.  1-2)  from  the  Composite  Design  Guide  (Ref.  4).  The 
changes  in  each  property  due  to  temperature  changes  are  from  Ref.  5; 
however,  adjustments  have  been  made  so  that  the  room  temperature  pro- 
perties will  agree  with  the  previously  quoted  references. 

It  was  necessary  to  obtain  these  material  properties  as  a func- 
tion of  temperature  in  order  to  perform  stress  analyses  which  account 
for  residual  thermal  stresses  caused  by  high  curing  temperatures.  The 
room  temperature  stress-strain  curves  are  also  needed  as  input  data 
for  a non-linear  finite  element  stress  analysis. 

Specimens  of  two  quasi -isotropic  geometric  configurations  were 
used.  Type  I had  a stacking  sequence  of  [0,  + 45,  90]^  while  Type  II 
was  [0,  90,  + 45]g.  These  two  types  clearly  illustrated  the  dif- 
ferences in  the  amounts  and  types  of  damage  that  occur  as  a result 
of  the  stacking  sequence.  Table  II  contains  some  average  mechani- 
cal properties  of  the  two  laminates  (Ref.  2).  These  two  types  are 
of  particular  interest  to  study  because,  even  with  large  differences 
in  laminate  properties  and  damage  characteristics,  laminated  plate 
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Table  I.  Summary  of  AS-3501  Properties 


Temperature  (°F) 

Property 

-67° 

70° 

180° 

260° 

300° 

' M ; 

350° 

e{  (10®  . psi) 

21.0 

20.8 

20.4 

20.2 

m 

20.0 

eJ  (10®  • psi) 

1.45 

1.43 

1.35 

1.22 

1.14 

B 

(10®  • psi) 

17.1 

16.9 

16.5 

16.3 

16.2 

16.1 

Eg  (10®  • psi) 

1.52 

1.50 

1.42 

1.29 

1.21 

0.95 

6^2  (10®  • psi) 

0.88 

0.86 

0.81 

0.75 

0.68 

0.31 

'*12 

0.28 

0.28 

0.28 

0.28 

0.28 

0.28 

'’21 

0.022 

0.022 

0.021 

0.019 

0.018 

0.015 

a^(10'®  -in/in/^F) 

-0.30 

-0.20 

-0.13 

-0.05 

-0.02 

+0.01 

ogdO"®  -in/inA) 

10.3 

13.0 

15.0 

16.6 

17.8 

19.6 

Other  Room  Temperature  Properties 


Fiber  volume  percent 

m 9 

Cured  ply  thickness 

1! 

Void  content.  . . . 

Density  

< 2% 

0.057  Ib/in.^ 
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Fig.  1 Longitudinal  Stress-Strain  Curves  for  Unidirectional 

AS-3501  G/Ep  at  70OF. 
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Fig.  2 Transverse  and  In-plane  Shear  Stress-Strain  Curves  for 
Unidirectional  AS-3501  G/Ep  at  70oF. 
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theory  predicts  identical  in-plane  stresses.  All  specimens  were 
approximately  7.0  in.  long,  1.0  in.  wide,  and  42  mils  thick.  Each 
specimen  also  had  2.0  in.  glass  epoxy  end  tabs  with  tapered  ends,  as 
shown  in  Fig.  3.  The  orientations  of  the  fibers  within  each  lamina 
are  defined  in  terms  of  an  angle  e.  This  angle  is  measured  counter- 
clockwise from  the  axial  direction  (Fig.  4). 
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3.  Experimental  Procedures 

3.1  Static  Preload,  Fatigue  Cycling,  and  Final  Fracture 

This  investigation  required  only  six  specimens;  three  of  which 
were  Type  I,  [0,  + 45,  90]^,  and  the  other  three  were  Type  II, 

[0,  90,  + 45]^.  One  from  each  type  was  quasi-statically  loaded  to 
1600  lb  or  38.5  ksi , slightly  below  the  stress-strain  knee.  A second 
pair  was  loaded  to  2000  lb  or  48.0  ksi,  which  is  in  the  neighborhood 
of  the  knee.  The  third  pair  was  loaded  to  2700  lb  or  64.9  ksi,  well 
above  the  knee . 

The  static  preloads  were  conducted  on  a 20  kip  Instron  machine 
at  a crosshead  displacement  rate  of  0.05  inches  per  minute.  Each 
test  was  stopped  after  reaching  200  lb  and  again  at  the  full  load  for 
approximately  ten  minutes  for  the  purpose  of  making  replicas  (dis- 
cussed in  Section  3.2). 

Strain  was  recorded  continuously  from  three,  one  inch  long, 
axial  strain  gages.  Two  of  the  gages  were  mounted  adjacent  to  the 
free  edges  and  the  third  gage  was  located  in  the  center  of  the  speci- 
men. The  original  idea  of  using  three  gages  was  to  record  any  dif- 
ferential strain  that  might  occur  due  to  the  propagation  of  trans- 
verse cracks.  However,  the  attempt  was  unsuccessful  in  this  respect. 
It  was  later  recognized  that  any  resulting  differential  strains  on 
the  specimen  surface  would  be  undetectable  due  to  the  small  crack 
openings  and  their  location  within  the  middle  layers  of  the  speci- 
men. The  three  gages  did  reveal  important  information  concerning 
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initial  stiffnesses  and  differential  strains  resulting  from  unsymmetric 
loading  conditions.  The  conditions  could  possibly  have  been  caused  by 
misalignment  of  the  cross-heads,  uneven  gripping  of  the  specimen  by  the 
wedge  grips,  or  misalignment  of  the  specimen  within  the  grips.  Most 
probably  the  differential  strains  were  caused  by  some  combination  of 
the  three. 

After  the  static  preloads,  the  strain  gages  were  removed  and  each 
specimen  was  fatigued  using  an  extensometer  to  measure  strain  over  a 

1.0  in.  gage  length.  Testing  was  performed  on  a MTS  servo-hydraulic, 
closed-loop  machine  with  a tensile  capacity  of  20  kips.  Material  re- 
sponses were  continuously  monitored  by  a Tektronix  WP  1100  data  ac- 
quisition system.  By  sampling  load  and  strain  data,  the  system  cal- 
culated and  recorded  maximum  load,  maximum  strain,  dynamic  compliance, 
dissipated  energy,  and  the  specific  damping  ratio  at  preselected  num- 
bers of  cycles.  All  cycling  was  done  at  a rate  of  1.0  Hz  and  a stress 
ratio  of  0.1.  The  maximum  stress,  in  each  case,  corresponded  to  the 
preload  stress.  All  the  1600  lb  and  2000  lb  specimens  were  fatigued 

10.000  cycles,  aind  500  cycles  were  applied  to  the  2700  lb  specimens. 

The  tests  were  stopped  after  50,  500,  and  5000  cycles  in  order  to 
make  replicas  of  the  loaded  specimen  edges.  For  the  2700  lb  speci- 
mens, replicas  were  made  after  50  and  100  cycles. 

Upon  completion  of  the  fatigue  loading,  strain  gages  were  again 
mounted  in  the  center  of  each  specimen.  The  specimens  were  then 
loaded  to  failure  at  the  same  rate  used  for  the  static  preloads. 
Load-strain  curves  were  plotted  to  determine  final  stiffness  and 


'liwfrri  r~  t ni^  i - 


14 


residual  strengths.  These  results,  as  well  as  the  results  from  the 
replicas,  are  discussed  in  Chapter  5. 

3.2  Replication  Technique 

In  the  study  of  edge  damage  it  is  essential  to  have  a quick,  re- 
liable method  of  permanently  recording  damage  occurrences.  Without  such 
a method  it  is  impossible  to  make  extensive  microscopic  examination  of 
the  edges  and  draw  reliable  conclusions  concerning  load-damage  history. 
An  essential  requirement  of  any  such  technique  is  that  it  must  be  cap- 
able to  being  performed  on  specimens  that  are  mounted  in  a testing 
machine  and  subjected  to  load.  This  requirement  makes  it  possible  to 
monitor  the  development  of  damage  due  to  static  or  fatigue  loadings  by 
making  recordings  at  intervals  throughout  the  test.  In  addition,  these 
recordings  or  replicas  made  while  the  specimen  is  under  load  will 
contain  the  damage  in  its  most  enlarged  or  opened  state.  If  the  repli- 
cation was  made  after  the  load  was  removed  from  the  specimen,  many  of 
the  smaller  cracks  would  close  and  perhaps  go  undetected.  Another 
necessary  requirement  is  that  the  technique  possess  sufficient  resolu- 
tion to  allow  detection  of  the  smallest  cracks.  Magnifications  of 
forty  power  appear  sufficient  to  detect  all  transverse  cracks  and  de- 
laminations as  well  as  individual  fiber  bundles. 

A suitable  recording  method  was  devised  and  used  by  K.  L. 
Reifsnider,  et  al  (Ref.  2).  This  technique  consists  of  a camera  and 
microscope  fastened  to  the  crosshead  of  a testing  machine  by  a mount 
which  permits  vertical  movement  of  the  microscope.  At  given  intervals 
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during  a static  test,  the  loading  may  be  stopped  and  the  displacement 
held  constant  while  the  entire  edge  of  the  specimen  is  scanned  and  all 
interesting  developments  photographed.  Also,  a particular  location  may 
be  observed  throughout  the  test  and  photographed  to  record  the  damage 
as  it  progresses.  The  advantage  of  this  technique  is  that  it  allows 
continuous  visual  observation  as  well  as  permanent  photographic  re- 
cordings. The  disadvantages  are  that  only  one  very  small  section  of 
one  edge  can  be  observed  at  a given  time,  that  scanning  an  entire  edge 
is  time  consuming,  and  that  areas  which  prove  to  be  of  interest  in  the 
latter  part  of  the  test  may  not  have  been  photographed  in  their  ear- 
lier stages  of  damage  development. 

The  replicating  technique  developed  for  this  research  effort 
eliminates  many  of  these  disadvantages.  The  development  was  done  by 
the  author  and  J.  E.  Masters,  a graduate  student  at  VPI&SU.  This 
technique  is  adapted  from  one  used  in  transmission  electron  micro- 
scopy for  duplicating  small  areas  of  surfaces  that  are  not  suitable 
for  use  with  the  microscope.  These  replicas,  which  are  made  from, 
cellulose  acetate  replicating  tape,  have  sufficient  resolution  for 
even  the  electron  microscope.  After  much  experimenting  with  dif- 
ferent thicknesses  of  tape  and  various  methods  of  taking  impres- 
sions from  the  specimen  edge,  a relatively  simple  and  reliable  tech- 
nique was  developed.  The  impression  is  made  by  softening, one  side 
of  the  tape  with  acetone  and  pressing  it  against  the  edge  of  the 
specimen.  The  surface  of  the  tape  remains  soft  for  only  a few 
seconds;  therefore,  the  impression  must  be  made  immediately.  In 
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addition,  the  impression  must  be  made  without  any  slippage  of  the  rep- 
licating tape  along  the  edge  of  the  specimen.  If  slippage  does  occur, 
the  image  will  be  blurred.  It  was  found  that  the  best  way  to  make  in- 
stantaneous impressions  without  slippage  was  to  fasten  a strip  of  the 
replicating  tape  in  place  along  the  specimen  edge  before  applying  any 
acetone.  This  was  done  by  simply  attaching  the  ends  of  the  replica- 
ting tape  to  the  specimen  with  adhesive  tape. 

The  problem  of  evenly  applying  the  acetone  along  the  interface 
between  the  specimen  edge  and  replicating  tape  required  much  effort 
to  solve.  The  best  method  found  was  injecting  an  even  stream  of  ace- 
tone along  the  interface  with  a hypodermic  syringe.  The  small  needle 
did  not  disturb  the  mounted  tape  and  the  syringe  permitted  excellent 
control  of  the  flow  of  acetone.  Immediately  following  the  injection 
of  acetone,  a small  amount  of  pressure  is  applied  with  the  finger  to 
the  back  of  the  tape  to  make  the  impression.  Replicating  tape  with 
a thickness  of  ten  mils  made  the  best  impressions  since  it  was  thick 
enough  to  allow  for  a deep  impression  and  still  retain  its  basic  shape 
without  excessive  buckling  or  tearing  when  peeled  off  and  handled. 
After  the  tape  is  removed  from  the  specimen,  it  is  mounted  between 
glass  slides  which  keep  it  flat  and  free  of  fingerprints  and  dirt. 

Replicas  can  be  made  as  often  as  desired  throughout  a static  or 
fatigue  test  simply  by  stopping  the  test  for  a few  minutes  to  allow 
time  for  making  the  replica.  After  the  test  is  completed,  the  rep- 
licas contain  a complete  history  of  the  damage  as  it  developed  along 
the  specimen  edges.  The  replicas  are  then  scanned  and  studied 


17 

microscopically,  and  photographs  made  of  any  places  of  interest.  One 
principle  advantage  of  the  replicas  is  that  they  are  transparent  and 
can  be  placed  in  a photographic  enlarger  in  the  place  of  a negative. 
The  prints  for  this  research  project  (Fig.  6-16)  were  made  in  this 
manner.  The  enlarger  used  was  a 35  mm  Durst,  condensing  type,  enlar- 
ger. Selected  sections  as  well  as  the  entire  replica  can  be  printed. 
The  prints  of  the  entire  replica  are  pieced  together  and  mounted  to 
give  an  excellent  overall  picture  of  the  damage  along  that  edge.  The 
prints  made  in  this  report  are  magnified  approximately  40  times.  When 
the  entire  edge  is  printed,  the  resulting  picture  is  about  ten  feet 
long. 

One  disadvantage  of  the  technique  is  that  the  replicas  themselves 
are  not  always  free  of  defects.  If  care  is  taken  in  the  making  of  the 
impressions,  the  defects  present,  if  any,  will  be  of  little  signifi- 
cance. Three  types  of  defects  occurred.  The  first  type  was  bubbles 
or  circular  voids.  These  were  caused  by  excessive  amounts  of  acetone 
that  were  not  squeezed  out  as  pressure  was  applied  along  the  back  of 
the  replicating  tape.  The  second  type  of  defect  consisted  of  irre- 
gularly shaped  areas  that  were  void  of  any  impressions.  These  areas 
were  caused  by  a lack  of  acetone.  The  third  type  of  defect  was  caused 
by  uneven  pressure  applied  along  the  back  of  the  replicating  tape. 

This  caused  deeper  impressions  in  some  areas  than  in  others.  The  re- 
sult was  contrasting  areas  of  light  and  dark  on  the  photographs.  All 
three  of  these  defects  can  be  seen  in  Fig.  6,  however,  they  will  be 
pointed  out  and  discussed  in  Section  5.1. 
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Replicas  were  made  of  both  edges  of  all  six  specimens  while  they 
were  held  at  the  full  static  load.  Additional  replicas  were  made  at 
various  intervals  throughout  the  fatigue  tests.  The  results  are  dis- 
cussed in  Section  5.1. 

3.3  Ultrasonic  Pulse-Echo  Method 

In  an  attempt  to  monitor  internal  damage  growth,  a technique 
known  as  the  ultrasonic  pulse-echo  method  was  employed  (Ref.  2). 

Pulsed  ultrasonic  waves  were  continuously  passed  through  the  specimens 
during  the  static  and  fatigue  tests.  The  development  of  damage  in  the 
material  below  the  transducer  serves  as  a diffraction  grating  and 
therefore  reduces  the  amplitudes  of  the  returning  echoes.  An  apparent 
attenuation  is  calculated  and  recorded  based  on  the  amplitudes  of  the 
first  two  echoes.  This  attenuation  is  not  a function  of  the  energy 
adsorption  of  the  specimen  but  is  a function  of  the  dispersion  of  the 
wave  due  to  diffraction  caused  by  damage.  Also,  it  is  dependent  on 
the  adsorption  of  the  delay  block  and  on  bond  losses,  but  these  af- 
fects should  remain  relatively  constant  throughout  the  test. 

Reference  2 reported  data  that  showed  rises  in  the  apparent 
attenuation  for  static  tests  to  failure  of  about  0.7  db/echo  for  these 
same  types  of  graphite/epoxy  materials.  It  also  indicates  sharp  rises 
in  the  neighborhood  of  the  stress-strain  knee. 

The  specimen  was  placed  between  a 0.5  in.,  5 MH^  ceramic  trans- 
ducer and  a 1.0  in.  fused  quartz  delay  block  using  stop-cock  grease 
as  a bonding  agent.  The  delay  block  separated  the  echoes  so  that  they 


would  be  individually  distinguishable  as  well  as  serving  as  a trans- 
mission line  for  the  diffracted  waves.  A Matec  9000  Pulse  Generator 
generated  the  ultrasonic  waves  and  a Matec  Attenuation  Recorder, 

Model  2470A,  electronically  compared  the  peaks  of  the  first  two  re- 
turning echoes  from  each  pulse. 

In  this  Investigation,  the  results  were  not  as  conclusive  as 
those  reported  for  static  loading  (Ref.  2).  Only  the  1600  lb  and 
2700  lb.  Type  I specimens  showed  significant  rises  In  attenuation. 

The  1600  lb  specimen  had  a 0.25  db/echo  rise  between  1400  and  1600 
lb.  In  the  case  of  the  2700  lb  specimen  there  was  a total  rise  of 
0.56  db/echo,  however,  there  were  no  sharp  rises  as  expected  In  the 
area  of  the  knee.  The  fatigue  data  was  not  consistent  and  no  atempts 
were  made  to  draw  any  conclusions  from  It. 

The  lack  of  consistent  data  may  have  been  caused  by  changes  In 
the  bond  thickness.  It  has  not  been  determined  if  the  thickness  of 
the  bondline  remains  constant.  If  it  were  changing.  Its  effects  on 
the  attenuation  would  be  so  large  that  the  small  decreases  due  to 
damage  development  In  the  material  would  not  be  noticeable.  For 
some  of  the  specimens  at  lower  loads  there  may  not  have  been  any 
damage  development  under  the  transducer.  At  the  time  of  the  test, 
the  location  of  the  transducer  on  the  specimen  was  not  recorded. 

This  makes  It  Impossible  to  draw  any  specific  comparisons  between 
the  amount  of  damage  present  on  the  replicas  and  the  attenuation 
recorded.  In  conclusion,  this  portion  of  the  Investigation  was 
unsuccessful;  perhaps  because  of  the  method  Itself,  but  most 
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probably  due  to  lack  of  experience  In  using  the  pulse-echo  technique 
for  fatigue  studies.  , 

3.4  Vibro thermography 

The  specimens  were  examined  by  a technique  known  as  vlbrothermo- 
graphy  after  their  static  preloads  and  again  after  fatigue  cycling. 
This  technique,  first  Introduced  at  VPI&SU,  was  recently  developed  by 
T.  S.  Jones  (Ref.  6)  and  has  been  proven  as  an  effective  non-destruc- 
tive method  of  detecting  delaminations  in  this  kind  of  material.  The 
specimens  were  mounted  In  a magneto-strictive  transducer  which  was 
driven  by  a 200  watt  ultrasonic  generator  with  a frequency  range  of 
17.4-21.0  kHz.  Energy  was  put  into  the  specimens  by  means  of  axial 
vibrations.  Any  delaminations  present  in  the  specimens  dissipated  a 
por'  on  of  this  energy  In  the  form  of  heat.  An  AGA  680  Thermovision 
thermographic  camera  was  used  to  observe  the  resulting  surface  heat 
patterns. 

It  was  noted  that  certain  areas  will  dissipate  heat  at  one  fre- 
quency but  others  will  not.  Therefore,  the  entire  frequency  range  of 
the  generator  was  scanned  In  order  to  determine  the  frequencies  at 
which  each  specimen  was  the  most  responsive.  In  addition,  removing  a 
specimen  from  the  transducer  and  then  remounting  It  changed  these  fre 
quencles.  This  fact  made  the  comparison  of  the  "hot  spots"  present 
before  and  after  fatigue  somewhat  more  difficult.  The  size  of  any 
given  hot  spot  was  not  only  a function  of  the  frequency  but  also  of 
the  length  of  time  that  the  specimen  was  vibrated.  In  conclusion,  . 


the  comparisons  had  to  be  made  on  the  basis  of  the  number  of  hot  spots 
present  and  the  location  of  their  centers.  No  comparisons  were  made 
with  respect  to  the  size  of  any  area  or  the  frequency  at  which  it 


occurred.  The  results  are  discussed  in  Section  5.2 


4.  Stress  Analyses 
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The  stresses  that  are  present  in  the  specimens  due  to  the  three 
axial  load  conditions  were  determined  by  two  stress  analyses.  These 
stresses  were  obtained  in  an  attempt  to  understand  and  explain  the 
occurences  of  damage  observed  with  the  replication  technique.  The 
first  analysis  served  as  a "first  approximation"  and  is  based  on 
plane-stress  laminated  plate  theory  with  approximate  method  of  cal- 
culating residual  thermal  stresses  and  interlaminar  normal  stresses. 

A second,  more  sophisticated  analysis  was  used  for  the  purpose  of  com- 
parison and  for  obtaining  interlaminar  shear  stresses.  This  analysis 
was  based  on  the  finite  element  method. 

4.1  Approximate  Analysis 
4.1.1  Thin  Laminated  Plate  Theory 


The  simplest  and  quickest  stress  analysis  that  can  be  made  on  a 
composite  material  is  based  on  classical  thin  laminated  plate  theory. 
The  simplicity  of  this  theory  largely  results  from  making  the  assump- 
tion that  a laminate,  subjected  to  axial  loading  only,  is  in  a state 
of  plane  stress.  A state  of  plane  stress  requires 

0S<rSx*O,  (1) 

xz  yz  ’ 

where  the  axis  system  is  illustrated  in  Fig.  3-4.  Plane  stress  is 

commonly  assumed  for  materials  of  this  type.  However,  even  though 

a might  be  small  in  comparison  to  a , it  may  still  cause  failures 
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such  as  del  ami nations  when  the  strength  through-the-thickness  Is  low. 
This  Is  discussed  In  more  detail  In  the  third  part  of  this  section. 

The  following  development  of  laminated  plate  theory  Is  from 
Ref.  7.  Considering  each  Individual  lamina  to  behave  orthotropically, 
the  stress-strain  relationship  Is 


(2) 


where  [Ql]  Is  the  transformed  reduced  stiffness  matrix  of  the  lamina. 

If  the  assumptions  of  small  displacements,  small  displacement  gradi- 
ents, and  plane  strain  aro  made,  the  stress-strain  relationship  for 
each  layer  with  respect  to  the  deformations  of  the  assembled  laminate 
Is 

[o]''  - [in''  [c^]  t z rai''  [«],  (3) 

where  the  superscript  "k"  denotes  the  layer  and  [c  ] and  [r]  are 
the  midplane  strains  and  curvatures  of  the  laminate,  respectively.  In 
most  practical  applications.  It  Is  desirable  to  define  a relationship 
between  these  strains  and  curvatures  and  the  total  stress  and  moment 
resultants  of  the  laminate.  This  relationship  can  be  defined  as 
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where  [N]  and  [M],  the  stress  and  moment  resultants,  respectively,  are 


and  [A],  [B],  and  [D]  are  the  laminate  extensional  stiffness,  coupling 
stiffness,  and  bending  stiffness  matrices,  respectively,  and  2H  is  the 
laminate  thickness. 

4.1.2  Residual  Thermal  Stresses 

Graphite-epoxy  laminates  are  cured  at  a temperature  of  350°F. 
During  the  cool  down  stage  of  the  curing  process,  residual  thermal 
(curing)  stresses  develop  which  can  make  a significant  contribution 
to  the  total  stress  field  of  the  material.  H.  T.  Hahn  and  N.  J. 

Pagano  (Ref.  8)  point  out  that  for  some  cases  the  curing  stresses 
are  large  enough  to  cause  failure  of  layers  within  the  laminate. 

At  the  fabrication  temperature  of  350°F,  just  as  the  cool  down 
stage  is  begun,  the  layer  bonding  is  nearly  complete  and  the  material 
is  solidified,  but  has  a very  low  stiffness.  In  accordance  with  these 
observations,  Hahn  and  Pagano  make  the  assumption  that  the  material 
is  in  a stress  free  state  and  that  residual  stresses  begin  developing 
immediately  as  the  material  is  cooled  down.  Since  the  operating  tem- 
perature of  the  specimens  is  70°F,  the  change  in  temperature  is  -280°F. 

For  a first  approximation  of  the  curing  stresses, the  following 
assumptions  were  made;  symmetric  laminate,  all  layers  of  equal. thick- 
ness, and  constant  material  properties  (independent  of  temperature). 


This  yields  stresses  in  each  layer  of 

to]''  • AT  [5]^  - to]'').  (6) 

where  AT  is  the  change  in  temperature,  [a]  is  the  transformed  thermal 
coefficient  of  the  layer,  and  [cTl.  the  laminate  thermal  coeffi- 
cient, is 

I 

CT  » h [A]-'  " [5]''  [a]^  (7) 

k=1 

where  h is  the  thickness  of  a layer  and  the  summation  is  being  made 
over  all  layers.  The  full  development  of  Eq.  6 and  7 is  shown  in 
Appendix  A.  The  curing  stresses  for  each  layer  can  now  be  added  to 
the  mechanical  stresses  as  determined  by  Eq.  2 to  give  the  total  stress 
field. 

4.1.3  Interlaminar  Normal  Stress  Approximation 

One  of  the  limitations  of  the  stress  analysis  discussed  in  this 
section  is  that  it  requires  the  interlaminar  normal  and  shearing 
stresses  to  be  zero.  The  use  of  this  assumption  is  justified  in  a 
"first  approximation"  type  of  analysis  and  yields  usable  data.  How- 
ever, this  assumption  breaks  down  in  the  vicinities  of  the  free  edges 
of  the  material.  It  is  fairly  well  accepted  that  this  area  is  con- 
fined to  thin  regions  which  are  adjacent  to  the  free  edges  and  have 
a width  approximately  equal  to  the  specimen  thickness.  This  concept 
has  been  studied  and  confirmed  by  N.  J.  Pagano  and  R.  B.  Pipes  (Ref.  9) 
and  again  by  Pipes  (Ref.  10),  as  well  as  others. 
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In  these  regions  it  is  possible  for  the  interlaminar  stresses  to 
become  sufficiently  large  to  promote  failure  of  the  material.  Of  the 
interlaminar  stresses,  is  particularly  instrumental  in  causing  de- 
lamihations  of  the  layers  along  the  edges  of  a laminate  (Ref.  2).  A 
tensile  stress  along  an  interface  near  the  free  edge  will  tend  to 
cause  a pulling  apart  of  the  layers  at  that  interface.  For  this  reason 
it  is  important  to  know  the  sign  of  the  stress  (tension  or  compression) 
as  well  as  its  approximate  magnitude.  There  are  many  analyses  avail- 
able, most  of  which  use  various  finite  difference  or  finite  element 
techniques,  which  will  determine  the  stresses.  One  such  method 
is  presented  in  Section  4.2.  However,  these  analyses  require  much 
time  and  expense. 

For  many  purposes  a sophisticated,  detailed  analysis  is  not  needed. 
N.  0.  Pagano  and  R.  B.  Pipes  (Ref.  11)  have  presented  an  approximate 
method  to  determine  the  distribution  in  the  boundary  layer  regions. 
The  basis  of  this  method  is  the  assumed  stress  distribution  along  an 
interface  as  shown  in  Fig.  5.  In  order  to  assure  through-the-thickness 
equilibrium  along  each  interface,  the  ratio  of  the  stresses  is  deter- 
mined to  be 


< = On,/5-  (8) 

m m 

To  require  the  moment  due  to  the  stresses  to  balance  the  moment 
created  by  the  stresses,  the  maximum  stress  is 

0^  = o^(z)  = 45M(z)/14  (9) 
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H 

and  M(z)  * / Oy  (c)  c dc,  (10) 

where  2H  is  the  laminate  thickness. 

The  Oy  stresses  used  in  Eq.  10  are  found  from  the  analysis  pre- 
viously discussed  which  combined  both  mechanical  and  curing  stresses. 

A computer  coded  program  was  written  to  perform  the  entire  operation 
as  well  as  determine  laminate  properties.  The  discussion  of  the  re- 
sults are  in  Section  5.4. 

4.2  Nonlinear  Finite  Element  Analysis 

The  previously  discussed  analysis  is  very  inexpensive  and  quick 
to  run,  computer-wise,  and  data  is  easy  to  determine.  However,  for 
the  purpose  of  comparison  and  also  to  determine  the  interlaminar  shear 
stresses,  a much  more  sophisticated  finite  element  analysis  was  per- 
formed. The  finite  element  model.  Nonlinear  Analysis  of  Laminated 
Fibrous  Composites,  was  developed  by  G.  D.  Renieri  and  C.  T.  Herakovich 
(Ref.  12)  and  modified  by  E.  H.  Humphreys  (Ref.  13). 

This  technique  was  specifically  developed  for  the  three-dimen- 
sional stress  analysis  of  symmetric,  balanced,  fiber  reinforced  com- 
posite laminates  subjected  to  axial  and  thermal  loadings.  All  non-^ 
linear  stress-strain  behavior  of  the  material  is  input  by  using 
Ramberg-Osgood  approximations.  Material  properties  that  are  a func- 
tion of  temperature  are  input  as  percent  retention  curves.  Loading, 
whether  mechanical  or  thermal,  is  an  incremental  process  for  which 


The  actual  area  of  the  specimen  that  is  modeled  or  discretized 
using  the  finite  elements  is  a cross-sectional  plane  perpendicular  to 
the  axial  loading  direction.  Since  the  specimen  is  symmetric  and 

balanced,  only  a quarter  of  this  cross-section  needs  to  be  analyzed. 

( 

The  finite  elements  used  are  constant-stress,  constant-strain  trian- 


gular elements.  The  element  grid  consisted  of  188  elements  with  the 
elements  near  the  free  edge  small  enough  to  allow  for  a data  point 


(centroid  of  element)  to  be  within  .008  in.  of  the  edge.  This  per- 
mitted a reasonable  estimate  of  the  stress  distributions  along  the 
free  edge  to  be  obtained.  The  results  are  discussed  in  Section  5.4. 


5.  Results 
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5.1  Results  of  Replicas 

5.1.1  Type  I Specimens 

G.  C.  Grimes  (Ref.  1)  states  that  he  observed  no  micromechanical 
damage  in  graphite/epoxy  laminates  subjected  to  static  tensile  stress 
below  the  proportional  limit.  For  the  Type  I specimens,  a significant 
proportional  limit,  or  knee,  is  observed  in  the  longitudinal  stress- 
strain  curve  at  a load  of  about  2000  lb.  Therefore,  the  1600  lb  spe- 
cimen should  contain  no  cracking  after  the  static  preload.  However, 
this  is  definitely  not  the  case.  Figures  6,  7,  and  8 illustrate 
typical  damage  as  well  as  patterns  of  fatigue  damage  growth  that  were 
observed  at  1600  lb. 

Figure  6a  represents  a 0.20  in.  length  along  the  edge  of  the 
specimen.  Arrow  1 points  out  one  of  the  four  transverse  cracks  pre- 
sent in  this  region  after  the  static  preload  had  been  applied.  These 
cracks  span  the  two  inner  90®  layers.  The  long  white  lines  (arrow  2) 
are  not  cracks  but  are  scratches  left  in  the  specimen  by  the  cutting 
process  in  which  the  specimens  are  cut  from  larger  panels.  These 
saw  marks  are  seen  in  many  of  the  replicas.  Figure  6b  is  of  the  same 
location  as  (a)  but  after  50  cycles.  There  are  no  changes  except  for 
a small  "hooked"  crack  (arrow  3)  that  has  branched  into  one  of  the 
inner  45®  layers.  Arrow  4 points  out  a piece  of  dust  or  lint  that 
has  stuck  to  the  replica.  Some  experience  is  required  to  properly 
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interpret  the  information  that  a replica  contains.  Confusing  areas 
will  be  pointed  out  so  that  they  will  not  distract  from  the  value  of 
the  replication  technique  itself.  As  can  be  seen  in  Fig.  6c,  arrow  5, 
an  additional  transverse  crack  has  formed  after  10,000  cycles.  There 
is  also  a delamination  along  the  -45°/90°  interface  at  the  bottom  of 
the  picture.  A transverse  crack  has  caused  it  to  jump  to  the  opposite 
90°/-45°  interface  and  then  the  crack  at  arrow  5 has  caused  it  to  jump 
back  again.  From  the  top  of  the  picture  a delamination  along  the 
90°/90°  interface  appears  to  have  grown  downward  until  it  was  stopped 
by  another  transverse  crack.  In  this  case,  instead  of  jumping  to 
another  interface,  small  “branch"  del ernii nations  begin  to  grow  from  the 
tips  of  the  transverse  crack  along  the  +45°/-45®  interfaces  (arrow  6). 
The  transverse  crack  below  this  also  has  branch  delaminations  origina- 
ting from  its  crack  tips  as  well  as  a small  longitudinal  crack  which 
has  grown  into  its  center.  This  longitudinal  crack  may  be  the  be- 
ginning of  a major  delamination.  Other  points  of  interest  in  this 
picture  are  the  cracks  through  the  outer  +45°  layers  that  stem  from 
the  branch  delaminations.  One  of  these  four  cracks  is  pointed  out  by 
arrow  7. 

Figure  7 contains  an  excellent  illustration  of  the  turning  effect 
that  a transverse  crack  can  have  on  a delamination.  Arrow  1,  in 
Fig.  7a,  points  out  a transverse  crack  with  a hooked  crack  that  hooks 
in  the  same  direction  in  which  the  delamination  is  growing.  As  a 
result  of  this  and  the  fact  that  the  delamination  is  in  the  lower 
90°/-45°  interface,  it  is  turned  and  forced  down  into  the  -45°/+45° 
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Interface  (arrow  2).  If  the  delamination  had  approached  the  transverse 
crack  from  the  90® /90®  Interface,  It  probably  would  have  stopped  at 
the  crack  and  caused  extensive  growth  of  the  branch  del ami nations.  If 
the  hooked  crack  had  turned  In  the  opposite  direction  from  the  delam- 
Inatlon  growth,  then  the  delamlnatlon  would  probably  have  jumped  to 
the  upper  -45®/90®  Interface.  Both  of  these  "If"  conditions  were 
Illustrated  In  the  previous  figure.  Also  of  Interest  In  Fig.  7b  are 
the  four  transverse  cracks  that  have  hooked  cracks  through  the  Inner 
-45®  layers  but  which  are  offset  from  the  crack  tip  at  the  -45®/90° 

i 

Interface  (arrow  3 points  out  one  of  these). 

A third  section  of  this  same  1600  1b  specimen  Is  shown  In  Fig.  8. 

The  main  purpose  of  this  figure  Is  to  Illustrate  the  magnitude  of  the 
delamlnatlon  width  at  the  most  severe  location.  In  (a),  the  delamlna- 
tlon growing  along  the  90®/90°  Interface  from  the  right  hand  side  has 
been  stopped  by  a transverse  crack  and  a branch  delamlnatlon  has 
fonned.  However,  after  10,000  cycles  (Fig.  8b),  It  can  be  seen  that 
the  delamlnatlon  broke  through  the  crack  and  continued  Its  growth. 

As  observed  earlier,  there  Is  no  jumping  between  Interfaces  due  to 
the  transverse  crack  If  the  delamlnatlon  Is  along  the  midplane.  The 
branch  delamlnatlon  appears  to  stop  growing  when  the  delamlnatlon 
breaks  through  the  parent  transverse  crack.  Arrows  1 and  2 point  out 
longitudinal  cracking  that  has  occurred  prior  to  delamlnatlon  as  seen 
In  (b),  these  cracks  determine  the  path  that  the  delamlnatlon  will 
take.  The  delamlnatlons  from  the  left  and  right  have  continued  to 
grow  and  finally  met  at  the  transverse  crack  pointed  out  by  arrow  3. 
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Replicas  of  1600  lb.  Type  I Specimen 


The  characteristics  of  the  damage  development  observed  in  the 
1600  1b  specimen  are  also  observed  in  the  2000  1b  specimen,  however, 
some  of  the  individual  phenomena  and  details,  such  as  branch  delamina- 
tion and  longitudinal  cracking,  appear  more  pronounced.  For  example. 
Fig.  9 represents  a sequence  of  events  from  the  2000  1b  specimen.  In 
(a),  it  can  be  seen  that  this  particular  location  on  the  specimen  con- 
tained only  one  transverse  crack.  After  50  cycles,  (b)  indicates  four, 
possibly  five,  transverse  cracks,  as  well  as  three  distinct  hooked 

cracks  in  the  inner  -45°  layer.  One  of  these  (arrow  1)  does  not  appear 

**  ■ .■ 

to  be  associated  with  a parent  transverse  crack.  Arrow  2 points  out 
a turning  point  in  the  delamination.  This  may  have  been  caused  by  a 
slanted  or  angle  crack,  a portion  of  which  is  visible  above  the  turn- 
ing point.  After  10,000  cycles,  a delamination  has  grown  down  from 
the  top  and  stopped  at  a transverse  crack  (arrow  3).  A small  branch 
delamination  formed;  however,  the  major  delamination  did  not  continue. 
If  it  had  done  so,  it  would  have  continued  straight  along  the  90°/90° 
interface.  It  appears  that  another  delamination,  independent  of  both 
the  upper  and  lower  ones,  has  bridged  the  gap  between  the  transverse 
cracks  at  arrows  3 and  4.  This  delamination  then  caused  the  long 
branch  delamination.  Finally,  the  lower  delamination  grew  upward  to 
the  transverse  crack  at  arrow  4.  Arrows  5 and  6 indicate  the  areas 
wl)ere  the  specimen  fractured.  This  will  be  discussed  in  Section  5.3. 

The  most  extreme  case  of  branch  delamination  found  in  the  2000 
1b  specimen  is  shown  in  Fig.  10.  Since  the  delamination  did  not 
break  through  the  transverse  crack,  the  branch  delaminations  had  the 
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time  necessary  to  grow  to  such  proportions.  Consequently,  when  the 
specimen  was  loaded  to  failure.  It  fractured  at  this  spot.  The  three 
arrows  In  this  figure  point  out  dust  or  lint  that  Is  stuck  to  the 
replica  and  should  not  be  mistaken  for  cracks. 

Figures  11  and  12  are  of  the  2700  lb  specimen.  The  characteris- 
tics of  damage  development  discussed  for  the  previous  specimens  are 
found  to  be  the  same  for  this  specimen.  Even  though  It  was  only 
fatigued  for  500  cycles,  the  amount  of  damage  Is  similar  to  the  2000 
lb  specimen  after  10,000  cycles,  except  that  delamlnatlons  are  more 
extensive.  There  Is  approximately  97  percent  delamlnatlon  for  the 
2000  1b  specimen  and  100  percent  for  the  2700  1b  specimen  but  Its 
maximum  crack  width  Is  more  than  twice  as  large.  As  can  be  seen  In 
Fig.  11a,  a large  number  of  transverse  cracks  occur  when  the  specimen 
Is  loaded  to  the  static  preload.  The  spacing  between  these  cracks 
Is  representative  of  the  entire  specimen.  It  tends  to  vary  from  about 
the  thickness  of  the  laminate  down  to  a third  of  the  thickness.  No 
new  transverse  cracks  formed  after  the  preload.  It  has  been  observed 
for  all  Type  I specimens,  regardless  of  load,  that  once  an  area  has 
been  delaminated,  no  new  transverse  cracks  are  formed.  Arrow  1 In- 
dicates a slanted  or  angle  crack  which  Influences  the  path  of  the 
delamlnatlon,  as  can  be  seen  In  (b).  rig.  12  Illustrates  the  magni- 
tude of  the  most  severe  crack  opening.  The  50  cycle  replica  Is  shown 
here  because  It  Is  of  much  better  quality  than  the  500  cycle  replica. 
For  this  particular  specimen,  the  crack  width  of  the  delamlnatlon 
was  largest  near  the  center  and  near  the  tab  regions  of  the  specimen. 


Fig.  12  Replicas  of  2700  lb.  Type  I Specimen 
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In  some  experimental  work  done  by  G.  P.  Sendeckyj  (Ref.  14),  many 
similar  observations  were  made  concerning  edge  damage  development  for 
Type  I graphite/epoxy  coupons.  He  observed  the  jumping  of  the  delami- 
nations between  90°/-45°  interfaces,  the  linking-up  of  delaminations 
to  form  a completely  delaminated  edge,  the  increase  of  delamination 
crack  widths  with  respect  to  load,  and  the  occurrence  of  transverse 
cracking  before  delamination.  However,  his  observations  did  not  in- 
clude the  development  of  delamination  along  the  90°/90°  interface, 
hooked  cracks  through  the  inner  -45°  layers,  or  branch  delaminations 
along  the  +45°/-45°  interface.  Also,  he  does  not  state  that  delamina- 
tion can  begin  along  some  portions  of  the  edge  while  transverse  crack- 
ing is  still  taking  place  elsewhere  along  the  length.  At  1600  lb  or 
59  percent  of  the  ultimate  load,  the  replicas  indicated  that  22  per- 
cent of  the  specimen  edge  is  delaminated.  Sendeckyj  did  not  observe 
any  delamination  until  66  percent  of  the  ultimate  load  was  reached 
for  his  particular  specimens. 

Considering  that  only  three  Type  I specimens  were  used  in  this 
investigation,  the  replication  technique  has  provided  much  consistent 
and  valuable  information  for  establishing  a chronological  development 
of  edge  damage.  The  damage  observed  was  much  more  complete  than 
microscopic  observations  of  the  unloaded  specimens  or  even  microscopic 
scanning  of  the  edges  while  the  specimen  is  being  loaded. 


J 


5.1.2  Type  II  Specimens 

In  many  ways  the  damage  development  in  Type  II  specimens  is 
similar  to  Type  I,  but  there  are  also  many  differences.  For  example, 
the  crack  opening  or  width  in  Type  II  material  is  much  smaller  and 
this  makes  the  cracks  more  difficult  to  observe.  A method,  such  as 
the  replication  technique,  which  allows  observation  of  the  specimen 
while  subjected  to  maximum  load,  is  essential. 

A sequence  of  photographs  of  replicas  from  the  1600  lb.  Type  II 
specimen  is  shown  in  Fig.  13.  The  two  90°  layers  are  no  longer  to- 
gether, but  are  adjacent  to  the  two  outer  0°  layers.  As  with  the 
Type  I material,  the  first  damage  that  occurs  is  transverse  cracking 
in  the  90°  layers.  However,  the  cracks  are  only  half  the  length  of 
those  'n  the  Type  I specimens;  thus,  they  are  more  difficult  to  ob- 
serve. Arrows  1 and  2 in  (a)  point  out  two  of  the  six,  or  possibly 
more,  transverse  cracks  present.  An  interesting  observation  is  the 
epoxy-rich  area  pointed  out  by  arrow  3.  This  may  have  been  the  "joint 
between  two  pieces  of  prepreg  tape  that  filled  with  epoxy  as  the  mater 
ial  was  cured.  After  50  cycles,  a few  additional  cracks  have  formed, 
two  of  which  are  pointed  out  by  arrows  4 and  5.  Similarly,  after 
10,000  cycles,  still  more  cracks  have  formed,  two  of  which  are  indi- 
cated by  arrows  6 and  7.  The  spacing  of  the  two  cracks  at  arrow  7 is 
about  the  thickness  of  one  layer.  This  is  about  three  times  closer 
than  any  transverse  cracks  observed  in  the  Type  I specimens. 

A static  preload  of  2000  lb  does  not  appear  to  cause  much  more 
damage  than  in  the  1600  lb  case  (Fig.  14a).  Arrows  1 and  2 indicate 
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two  of  the  transverse  cracks  present-  The  long  black  line  is  not  a 
defect  in  the  specimen,  but  is  a deep  scratch  in  the  replica.  After 
just  50  cycles  (Fig.  14b),  an  extremely  large  number  of  cracks  have 
formed.  Many  of  these  are  spaced  at  a distance  roughly  equivalent  to 
the  thickness  of  one  individual  layer.  A few  of  the  cracks  have  even 
grown  into  the  adjacent  45°  layers  (arrows  3 and  4).  This  characteris 
tic  was  also  observed  in  the  Type  I specimens.  It  appears  that  few, 
if  any,  additional  transverse  cracks  had  formed  in  the  90°  layers  by 
10,000  cycles  (Fig.  14c),  even  though  this  is  difficult  to  determine 
precisely  due  to  the  poor  quality  of  this  photograph.  Of  great  in- 
terest, however,  are  the  small  delaminations  that  have  begun  to  grow 
along  the  +45°/-45°  interfaces  (arrows  5 and  6).  At  arrow  6 there 
is  even  a small  transverse  crack  beginning  to  develop  in  the  inner 
-45°  layer.  The  branch  delaminations  in  the  Type  I specimens  grew 
along  the  same  +45°/-45°  interfaces. 

Figure  15  is  of  two  different  areas  on  this  same  2000  lb  speci- 
men after  10,000  cycles.  The  arrow  on  (a)  indicates  one  of  the 
three  transverse  cracks  through  the  inner  -45°  layers.  These  cracks 
are  connected  to  cracks  through  the  outer  +45°  layers  by  the  +45°/-45° 
interface  delaminations.  This  combination  of  cracking  involves  six 
of  the  eight  layers  of  the  specimen.  Figure  15b  is  of  an  area  near 
the  tabs.  These  are  the  only  regions  in  which  such  extensive  longi- 
tudinal cracking  occurs.  This  may  be  caused  by  an  unresolved  moment 
created  by  shear  stresses  between  the  grip  wedges  and  the  tabs. 
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After  a static  preload  of  2700  lb,  there  is  extensive  cracking  in 
the  90®  layer  (Fig.  16a).  In  addition,  there  are  many  cracks  through 
the  outer  -MS®  layers  and  at  least  five  cracks  through  the  inner  -45® 
layers,  one  of  which  is  indicated  by  arrow  1.  In  Fig.  16b,  after  50 
cycles,  it  can  be  seen  that  the  cracks  in  the  90®  layers  have  opened 
up  and  have  become  more  obvious,  but  there  appear  to  be  few,  if  any, 
additional  cracks.  The  same  holds  true  for  the  cracks  in  the  outer 
♦45®  layers.  Two  new  cracks  have  formed  in  the  inner  -45®  layers.  The 
spacing  of  these  cracks  is  very  similar  to  the  spacing  of  the  trans- 
verse cracks  in  the  90®  layers  for  the  Type  I specimens.  After  500 
cycles,  little  change  has  taken  place.  The  cracks  seemed  to  have 
opened  up  slightly  and  some  additional  delamination  has  grown  along 
the  +45®/-45®  interface  (arrow  2). 

As  was  the  case  for  the  Type  I material,  these  replicas  provided 
very  consistent  and  detailed  information  concerning  the  types  of  edge 
damage,  their  interactions,  and  a chronological  ordering  of  their  de- 
velopment. This  knowledge  is  essential  to  understanding  the  behavior 
of  these  materials. 


5.2  Vibro thermography  Results 


The  results  of  the  vibro thermography  technique  were  very  con- 
clusive in  terms  of  locating  delaminations  in  the  x-y  plane  and 
making  observations  on  their  growth.  Vibrothermography  of  Type  II 
specimens  indicated  no  unusual  hot  areas.  This  supports  the  obser- 
vations made  from  the  replicas  that  no  delaminations  occurred  along 
the  free  edges. 


However,  vibrothermography  of  Type!  specimens  indicated  numerous 
hot  areas,  all  located  along  areas  adjacent  to  the  free  edges  (Fig.  17) 
These  thermographs  were  made  on  a 2°C  scale.  A color  band  at  the 
bottom  of  the  figure  indicates  the  color  sequence  in  which  each  color 
represents  a temperature  of  0.2°C  warmer  than  the  color  on  its  left. 

The  large  white  areas  or  hot  areas  at  the  bottom  of  (a),  (b),  (c),  and 
(f)  represent  heat  from  the  gripping  device  of  the  ultrasonic  trans- 
ducer. 

Figure  17a  is  of  the  1600  lb  specimen  taken  after  10,000  cyles. 

By  comparing  the  hot  areas  between  this  and  (c),  the  2000  lb  specimen 
after  the  same  number  of  cycles,  it  can  be  seen  that  the  higher  load 
greatly  increases  the  delaminated  area.  Thermograph  (b)  is  of  the 
2000  lb  specimen  after  the  static  preload  but  before  fatigue.  The 
absence  of  hot  areas  in  this  picture  indicates  that  the  fatigue  cyc- 
ling greatly  increases  the  amount  of  delamination,  (c).  It  was  ob- 
served from 'the  replicas  that  the  edges  contained  extensive  delamina- 
tions after  the  2000  lb  static  preload;  however,  (b)  does  not  indi- 
cate this.  The  reason  for  this  may  be  that  the  delaminations  were 
very  shallow,  confined  very  close  to  the  edge,  and  therefore  not  de- 
tectable. After  10,000  cycles,  the  replicas  indicated  that  there 
was  a small  increase  in  the  total  length  of  the  delaminations  but 
probably  of  more  significance  is  their  inward  (through  the  width) 
growth.  This  would  explain  the  reason  for  the  discrepency  between 
thermograph  (b)  and  the  replicas. 


Thermograph  (d)  illustrates  the  degree  of  delamination  due  to  a 
2700  lb  static  preload.  It  shows  considerable  damage  whereas  the 
2000  lb  statically  loaded  specimen  shows  no  significant  damage.  To 
add  to  the  confusion  of  making  comparisons,  thermograph  (d)  has  been 
taken  of  the  opposite  side  of  the  specimen  from  (e)  and  (f).  There- 
fore, its  right  side  corresponds  to  the  left  side  of  (e)  and  (f).  Ther- 
mographs (e)  and  (f)  are  both  of  the  2700  lb  specimen  after  500  cycles 
but  they  are  taken  at  different  frequencies.  Comparisons  between  the 
before  and  after  fatigue  cases  are  not  very  apparent  and  it  is  there- 
fore difficult  to  make  any  conclusions  concerning  the  delamination 
growth  from  these  last  three  prints. 

In  summary,  this  technique  clearly  distinguishes  between  Type  I 
and  Type  II  specimens.  Also,  it  appears  to  be  capable  of  indicating 
a relative  degree  of  delamination  damage  with  respect  to  growth  in  the 
x-y  plane. 


5.3  Characteristics  of  Specimen  Failures 


A portion  of  this  research  effort  was  to  investigate  the  frac- 
ture area  of  each  specimen,  observe  any  characteristic  behavior,  and 
determine  if  fracture  occurred  along  cracking  that  had  been  pre- 
viously recorded.  After  the  fatigue  cycling  was  completed,  each 
specimen  was  statically  loaded  to  failure.  The  fractured  edges  were 
replicated  and  then  used  to  determine  the  exact  location  of  the  frac- 
ture from  the  post-fatigue  replicas. 
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It  was  observed  that  both  Type  I and  Type  II  specimens  fractured 
according  to  characteristic  patterns.  Figure  18  contains  sketches  of 
these  patterns.  For  both  types,  the  long  delaminations  occurred  along 
the  +45°/-45°  interfaces.  The  finite  element  analysis  yielded  high 
stresses  near  the  free  edges  along  these  interfaces.  In  addition, 
for  all  six  specimens,  the  cracks  between  the  long  delaminations  and 
the  outside  edges  were  approximately  across  from  each  other.  The 
average  length  of  the  sections  that  pulled  out  or  separated  for  the 
Type  II  specimens  were  considerably  longer  than  those  of  Type  I. 

Pulled  out  sections  for  the  Type  I materials  varied  from  0.132-0.224 
in.  in  length  and  from  0.289-0.553  in.  for  Type  II.  Type  II  speci- 
mens contained  a central  delamination  originating  from  the  tip  of  the 
pulled  out  section.  This  was  probably  caused  by  shear  stresses  acting 
along  the  long  delaminations  as  the  sections  were  pulled  apart.  The 
same  phenomena  may  have  occurred  in  Type  I specimens,  however,  it 
would  not  have  been  observed  since  the  material  contained  extensive 
delaminations  prior  to  failure. 

Only  one  specimen,  the  2000  lb  Type  I specimen,  fractured  along 
previously  observed  cracks.  For  this  case,  a transverse  crack' and 
its  long  branch  delaminations  (Fig.  10b)  formed  the  top  of  the  sec- 
tion that  separated.  The  fracture  lines  ran  along  the  two  •‘•45°/-45° 
interfaces  for  0.224  in.  before  breaking  through  the  outer  layers 
(arrows  5 and  6,  Fig.  9c).  It  can  be  seen  at  arrow  5 that  a crack 
already  existed  through  the  outer  45°  layer  prior  to  failure.  This 
observation  suggests  that  fracture  may  be  edge  dominated;  however. 
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no  conclusive  observations  could  be  drawn  from  the  other  five  specimens 
other  than  that  the  fracture  did  follow  the  characteristic  patterns  as 
indicated  previously. 

In  addition  to  making  observations  concerning  fracture  patterns, 
data  was  collected  with  respect  to  failure  load  and  final  elastic 
modulus.  Table  III  contains  this  data  as  well  as  the  percent  change 
in  the  elastic  modulus.  This  percent  change  indicates  that  the  modu- 
lus decreased  for  each  specimen  but  no  consistent  patterns  exist  with 
respect  to  either  the  load  or  the  material  type.  The  modulus  of  the 
2700  lb  Type  II  specimen  decreased  drastically  in  comparison  to  the 
other  five  specimens;  however,  such  data  scatter  has  been  observed  in 
other  experimental  work.  For  example,  even  though  the  failure  load 
is  very  low  compared  to  the  other  Type  II  specimens,  it  is  still  with- 
in the  range  of  initial  static  failure  loads  for  similar  specimens  as 
reported  in  Ref.  2 and  shown  in  Fig.  19.  It  is  very  interesting  to 
note  from  this  figure  that  the  fatigue  cycling  did  not  influence  the 
failure  load  or  residual  strength  of  the  specimens. 

5.4  Comparison  of  Stress  Analyses  with  Experimental  Observations 

The  results  of  the  nonlinear  finite  element  analysis  (Ref.  12) 
and  the  plane  stress  laminated  plate  analysis  were  in  good  agreement. 
With  respect  to  the  in-plane  stresses,  there  was  no  disagreement  in 
stresses  greater  than  10.6  percent  for  Type  I material  and  7.1  per- 
cent for  Type  II  material  with  an  axial  load  of  2000  lb.  Generally, 
the  agreement  was  within  three  percent.  Also,  there  was  excellent 


Table  III.  Initial  and  Final  Properties 


Load 

Level 


Type 

(lb) 

(10®  psi) 

(10®  psi) 

(%) 

(lb) 

(in^) 

(«) 

I 

1600 

■SBBai 

5.855 

-5.52 

2950 

.0468 

I 

2000 

6.218 

5.702 

-8.30 

3080 

.0471 

WWfll 

I 

IBII 

6.160 

5.718 

-7.18 

3260 

.0478 

ui 

II 

Iggi 

6.508 

101^111 

-6.99 

3650 

.0461 

1.308 

II- 

2000 

6.427 

6.038 

-6.05 

3800 

.0472 

1.339 

.6.627^^^ 

5.728 

3270 

.0467 

1.222^^^ 

(1)  Measured  with  extensometer,  all  other  measurements  were  with 
strain  gages. 

(2)  Determined  from  and  E^,  assuming  linear  to  failure. 

(3)  % aE  = (E^  - E^)/E^  X 100. 

(4)  Fatigued  for  500  cycles,  all  others  fatigued  10,000  cycles. 
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agreement  between  the  interlaminar  normal  stress,  a^,  as  determined  by 
the  approximate  method  (Ref.  11)  and  by  the  finite  element  method 
(Fig.  20,  21,  23,  and  24).  For  the  purpose  of  this  investigation,  the 
main  advantage  of  the  finite  element  analysis  was  that  it  calculated 
interlaminar  shear  stresses.  The  advantage  of  the  laminated  plate 
analysis  was  that  it  required  much  less  data  and  was  not  as  expensive 
to  run.  It  required  less  than  one  second  of  computer  time  as  compared 
to  four  minutes  for  the  finite  element  analysis. 

5.4.1  Type  I Specimens 

The  first  damage  observed  in  the  Type  I specimens  was  transverse 
cracking  in  the  two  middle  90°  layers.  After  the  static  load,  the 
1600  lb  specimen  had  about  8-10  cracks  per  inch.  If  the  stresses 
in  the  90°  layers  are  primarily  responsible  for  this  damage,  then  at 
1600  lb.  the  stresses  must  be  relatively  high  in  comparison  to  the 
strength  of  the  90°  layers.  This  strength  is  about  7-8  ksi  for  uni- 
directional material.  The  analysis  predicts  a stress  of  12.2  ksi  at 
a 1600  lb  axial  load.  Even  with  such  non-rigorous  reasoning,  it  is 
apparent  that  the  90°  layers  are  heavily  overloaded. 

Delaminations  begin  almost  as  soon  as  the  transverse  cracking. 

The  vibrothermography  results  agree  with  the  observations  of  other 
researchers  (Ref.  14),  that  delaminations  initiate  at  the  free  edges. 
Three  of  the  six  stress  components,  and  must  be  zero 

at  the  free  edge.  Only  two,  and  were  shown  by  the  analyses 
to  be  significantly  higher  at  the  edges  than  at  interior  regions. 
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Figure  20  is  a graph  of  the  through-the-thickness  stress  distribu- 
tion near  the  free  edge.  The  approximate  method  yields  stresses  at  the 
edge,  but  the  finite  element  solution  gives  the  stress  at  a point  which 
is  .008  in.  from  the  edge  (or  y/b  = .983  where  b is  the  half  width). 
Note  that  due  to  the  sharp  gradient,  the  finite  element  values  at  this 
point  are  only  28.5  percent  of  the  approximate  values  at  the  edge. 

These  stresses  are  tensile  along  the  entire  laminate  edge  and  will 
tend  to  cause  delamination.  The  highest  stresses  occur  in  the  regions 
near  the  midplane,  which,  as  indicated  by  the  replicas,  are  most  sus- 
ceptible to  delamination.  Figure  21  shows  that  the  stresses  are 

confined  to  a layer  region  adjacent  to  the  edge.  Some  delamination 
was  observed  in  the  1600  lb  specimen  after  its  static  preload.  In 
this  case,  stresses  of  11.2  ksi  were  predicted  along  the  midplane 
at  the  edge.  This  would  indicate  that,  if  is  primarily  responsible 
for  delamination,  the  interlaminar  normal  stress  must  be  kept  well 
below  11  ksi  to  prevent  delamination.  Reference  2 is  in  close  agree- 
ment with  this  statement  in  its  prediction  of  10  ksi  as  being  suffi- 
cient to  initiate  delamination. 

Figure  22  shows  the  through-the-thickness  stress  distribu- 
tion at  0.008  in.  from  the  edge.  For  the  Type  I material,  these 
shear  stresses  peak  at  the  +45°/-45°  interface.  This  is  the  same 
interface  along  which  the  branch  delaminations  were  observed.  They 
were  first  noticed  after  the  1600  lb  static  load;  however,  it  re- 
quired either  higher  static  loads  or  cyclic  loads  to  cause  them  to 
grow  to  any  significant  length.  At  1600  lb,  the  stress  at  this 
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interface  is  only  2.80  ksi.  This  would  suggest  that  the  shear 
stresses  are  largely  responsible  for  branch  delaminations. 

5.4.2  Type  II  Specimens 

As  can  be  seen  from  Fig.  23,  the  through-the-thickness  stress 
distribution  is  mostly  compressive  instead  of  tensile  as  found  with 
Type  I.  The  only  interface  that  is  in  tension  is  the  0°/90°  interface, 
and  the  stress  there  is  almost  negligible.  This  would  indicate  that 
delamination  would  not  be  expected  to  occur,  which  is  indeed  the  case, 
as  shown  by  the  replicas.  As  with  the  Type  I material,  the  stresses 
approach  zero  very  rapidly  within  a small  distance  of  the  edge  (Fig.  24) 

Even  though  no  major  delamination  occurs,  branch  delamination  is 
still  very  evident  after  cyclic  loading.  Initiation  is  not  accomplished 
at  any  of  the  static  loads  but  requires  fatigue  cycling.  In  any  case, 
the  a stress  is  compressive  and  only  the  t remains  significantly 
high.  This  statement  may  not  be  generally  valid  for  two  reasons.  The 
first  being  that  many  changes  will  have  taken  place  in  the  stresses 
due  to  earlier  damage  development.  This  is  not  taken  into  account  by 
the  stress  analysis.  The  second  reason  is  that  it  is  undetermined  whe- 
ther the  branch  delaminations  are  initiated  and  generally  confined  to 
the  edge  regions  as  is  the  case  for  the  major  delaminations.  If  it  is 
not  edge  initiated,  then  there  is  no  reason  to  believe  that 
stresses  are  responsible  since  they  are  primarily  edge  stresses  simi- 
lar to  the  0^  stresses.  Present  work  is  being  conducted  at  VPI&SU 
that  should  answer  many  questions  concerning  damage  development  at 


Interlaminar  Normal  Stress,  o , Through-the-Width  Distribution  for  a Type  II  Specimen  for 
a Type  II  Specimen  with  2000  Tb  Axial  Load 


Interior  regions.  In  conclusion,  this  Investigation  tends  to  Indicate 
that  the  shear  stresses  are  primarily  responsible  for  branch  de- 
lamlnatlons. 

Many  of  these  comparisons  between  the  predicted  stresses  and  the 
observed  damage  have  been  non-rigorous.  These  analyses  were  performed 
to  help  get  a "handle"  on  the  causes  of  the  different  types  of  damage. 
This  Information  Is  essential  to  the  Improvement  of  the  design  capabll 
Itles  for  these  types  of  materials. 


6.  Summary 


The  purpose  of  this  investigation  was  to  develop  a method  of 

■ t 

accurately  documenting  the  effect  of  load  history  on  damage  develop- 
ment in  two  types  of  graphite/epoxy  composites  and  to  provide  a de- 
tailed description  of  damage  initiation,  growth,  and  interaction. 
Characterizations  of  fracture  due  to  static  load  were  observed  and 
compared  to  pre-existing  damage.  Comparisons  were  made  between  the 
states  of  damage  caused  by  static  loads  below,  approximately  equal 
to,  and  above  the  load  which  corresponded  to  the  axial  stress-strain 
knee. 

Many  interesting  characteristics  of  edge  damage  in  quasi-isotropic 
G/Ep  laminates  have  been  observed  through  the  use  of  the  replication 
technique  that  have  not  been  reported  previously.  Transverse  cracking 
in  the  90°  layers,  hooked  cracks  in  the  adjacent  45°  layers,  and  branch 
delaminations  along  the  +45°/-45°  interfaces  are  types  of  damage  that 
were  found  to  be  common  in  both  Type  I and  Type  II  materials.  Trans- 
verse cracking  through  the  middle  -45°  layers  was  found  only  in  Type  II 
materials  and  major  delaminations  were  found  only  in  Type  I materials. 

The  density  of  transverse  cracks  in  the  90°  layers  of  Type  I 
specimens  appeared  to  stabilize  by  at  least,  if  not  before,  10,000 
cycles  at  1600  lb,  500  cycles  at  2000  lb,  and  the  static  preload  at 
2700  lb.  These  cracks  demonstrated  a relatively  stabile  spacing; 
varying  from  the  laminate  thickness  to  a third  of  the  thickness. 

Hooked  cracks,  in  the  adjacent  45°  layers,  were  initiated  by  the 
initial  1600  lb  preload.  A large  majority  of  these  branched  from 
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the  90°  transverse  cracks.  Central  delaminations  also  began  at  or  be- 
fore the  initial  1600  lb  static  load.  These  appeared  to  initiate  due 
to  longitudinal  cracking,  most  of  which  was  associated  with  transverse 
cracking.  The  delaminations  were  confined  to  the  region  of  the  inner 
90°  layers.  If  a delamination  along  the  middle  interface  grew  into  a 
transverse  crack  it  either:  1)  was  temporily  stopped  by  the  crack,  in 
which  case  it  accelerated  the  growth  of  the  branch  delaminations  asso- 
ciated with  that  crack,  or  2)  continued  straight  through  the  crack.  If 
a delamination  along  either  of  the  90°/-45°  interfaces  grew  into  a 
transverse  crack  it  generally  jumped  to  the  opposite  90°/-45°  inter- 
face before  continuing  its  growth.  In  all  three  specimens  it  was  noted 
that  no  new  transverse  cracks  formed  along  any  area  of  the  edge  that 
had  previously  delaminated.  For  all  three  load  levels,  delaminations 
were  present  at  the  static  preloads.  After  10,000  cycles  at  1600  lb 
the  edge  was  approximately  92  percent  delaminated  as  compared  with 
97  percent  for  the  same  number  of  cycles  at  2000  lb  and  100  percent 
for  500  cycles  at  2700  lb.  After  the  edge  completely  delaminated, 
the  delamination  crack  opening  or  width  began  increasing  rapidly. 

In  Type  II  materials  the  first  damage  that  occurred  was  also 
transverse  cracking  in  the  90°  layers.  These  cracks  were  only  one 
half  of  the  length  of  those  in  Type  I and  the  crack  opening  was  much 
smaller.  The  crack  density  stabilized  by  at  least,  if  not  before, 

50  cycles  at  2000  lb  and  the  static  preload  at  2700  lb.  No  stabile 
density  was  observed  for  the  1600  lb  specimen.  After  obtaining  a 
stabile  crack  density,  a spacing  of  about  the  thickness  of  one  layer 


69 


was  observed  between  the  cracks.  Hooked  cracks  through  the  adjacent 
45°  layers  were  initiated  by  the  1600  lb  static  load  and  their  crack 
density  appeared  to  stabilize  along  with  the  90°  cracks.  The  growth 
of  branch  del  ami  nations  in  the  +45°/-45°  interfaces  was  observed  after 
the  90°  and  45°  layer  cracking  had  reached  a stabile  density.  No 
major  del  ami  nations*  which  were  so  evident  in  Type  I material,  were 
observed.  Transverse  cracking  in  the  inner  -45°  layers  was  the  last 
damage  mode  to  be  initiated.  It  was  first  observed  after  10,000 
cycles  at  2000  lb  or  after  the  static  preload  at  2700  lb  and  its  growth 
became  stabile  after  50  cycles  at  2700  lb. 

The  knee  in  the  axial  stress-strain  curve  occurs  in  the  neighbor- 
hood of  2000  lb.  Micromechanical  damage  in  the  form  of  transverse 
cracks  begins  well  before  this  load  as  demonstrated  by  the  replicas 
of  the  1600  lb  specimens.  The  only  significant  edge  damage  develop- 
ment that  might  be  associated  with  the  knee  is  the  obtaining  of  a 
stabile  density  of  the  90°  layer  transverse  cracks.  In  both  Type  I 
and  the  Type  II  2000  lb  specimens,  the  crack  density  did  not  actually 
stabilize  after  the  static  preload;  however,  it  quickly  became  stabile 
after  a small  number  of  cycles.  Therefore,  if  reaching  the  stabile 
crack  density  is  responsible  for  the  knee,  then  the  knee  would  have 
occurred  at  a slightly  higher  load  than  2000  lb. 

Characteristic  edge  patterns  were  determined  for  the  fracture 
of  both  types  of  materials.  The  large  central  delaminations  that 
occurred  in  Type  I material  had  no  affect  on  the  fracture  pattern. 

For  both  materials  the  fracture  lines  ran  along  the  +45°/-45° 
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interfaces.  These  were  the  same  interfaces  in  which  branch  delamina- 
tions were  observed.  In  Type  I material , the  long  fracture  lines  joined 
a 90°  layer  transverse  crack,  with  its  two  associated  hooked  cracks,  to 
other  cracks  in  the  outer  45°  layers.  In  the  Type  II  materials,  these 
long  fracture  lines  joined  an  inner  -45°  layer  transverse  crack  to 
other  hooked  cracks  in  the  outer  45°  layers  and  their  parent  90°  layer 
transverse  cracks.  The  fracture  locations  could  be  related  to  pre- 
existing damage  in  only  one  of  the  six  specimens.  The  0°  layers  did 
not  appear  to  crack  until  all  other  layers  were  fractured.  Residual 
strengths  of  the  specimens  did  not  seem  to  be  affected  by  cyclic  load- 
ing even  though  there  was  considerable  scatter  in  this  data  as  well  as 
the  unfatigued  specimen  data.  However,  the  elastic  modulus  was  greatly 
influenced  by  fatigue.  It  decreased  in  all  six  cases  by  amounts  vary- 
ing from  5.5  to  13.6  percent. 

Two  different  stress  analyses  were  used  to  determine  the  stress 
fields  in  each  of  the  two  types  of  materials.  The  first  analysis  was 
based  on  plane-stress  laminated  plate  theory  with  compensation  for 
curing  stresses  and  an  approximate  technique  for  determining  inter- 
laminar normal  stresses.  The  second  analysis  was  a finite  element 
analysis  which  used  non-linear  stress-strain  properties  and  compen- 
sated for  the  change  in  properties  with  respect  to  temperature  in  the 
calculation  of  curing  stresses.  All  six  components  of  stress  were 
determined.  The  in-plane  stresses  from  the  two  analyses  were  very 
close;  in  no  case  differing  by  more  than  ten  percent.  Interlaminar 
normal  stresses  were  almost  identical.  If  interlaminar  shear  stresses 
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are  not  needed,  the  approximate  analysis  serves  as  a very  inexpensive 
and  quick  method  of  obtaining  a good  first  approximation  of  the  stresses. 

The  results  of  the  stress  analysis  can  serve  to  predict  some  of 
the  observed  damage.  Tensile  interlaminar  normal  stresses,  at  the 
edges  are  primarily  responsible  for  the  delamination  of  a laminate. 

High  shearing  stresses  (3-4  ksi)  along  the  +45°/-45°  interfaces 
(0.008  in.  from  the  free  edge)  appear  to  be  responsible  for  branch  de- 
laminations even  in  the  presence  of  compressive  stresses. 

Some  basic  information  concerning  the  growth  of  delamination 
in  Type  I specimens  was  obtained  from  the  vi brothermography  technique. 

It  indicated  that  delamination  was  initiated  at  the  free  edges  and 
became  more  extensive  with  the  increase  of  either  the  stress  level  or 
the  number  of  cycles  of  fatigue.  The  delaminations  appeared  to  grow 
inward  as  well  as  along  the  edges.  No  delamination  could  be  detected 
in  Type  II  specimens. 


7.  Conclusions 


The  observations  that  were  made  and  the  information  that  was 
learned  through  this  research  effort  suggest  the  following  conclusions: 

1)  The  replication  technique  developed  for  this  investigation  is 
a quick,  reliable  method  of  permanently  documenting  edge  damage.  It 
provides  detail  and  an  overall  field  of  vision  that  has  not  been  ob- 
tained in  previous  studies, 

2)  Vibrothermography  is  an  effective  method  of  detecting  delamina- 
tions and  following  their  growth  in  the  plane  of  the  specimen. 

3)  The  ultrasonic  pulse-echo  method  needs  to  be  studied  in  closer 
conjunction  with  the  replication  technique.  It  must  be  determined  what 
effects  the  transverse  cracks  under  the  transducer  have  on  the  measured 
attenuation. 

4)  The  "at  load"  damage  investigation  reveals  considerable  amounts 
of  micromechanical  damage  at  stress  levels  below  the  proportional  limit. 

5)  A chronological  order  of  damage  occurrences  was  established  for 
each  laminate.  Damage  initiation,  growth,  and  interaction  is  strongly 
dependent  on  the  order  of  the  stacking  sequence. 

6)  Some  types  of  damage,  such  as  transverse  cracking  of  the  90° 
layers,  eventually  reach  a stabilized  state.  Other  types,  such  as 
branch  and  major  delaminations,  were  not  observed  to  stabilize  within 
the  limits  of  this  investigation. 

7)  Distinct  but  different  characteristics  or  patterns  of  fracture 
were  observed  for  the  two  laminates. 


72 


8)  The  ultimate  strength  of  the  specimens  did  not  appear  to  be 
influenced  by  the  cyclic  loading.  However,  the  elastic  modulus  de- 
creased. 

9)  The  approximate  stress  analysis  gave  a very  good  estimate  of 
the  stress  distribution  when  compared  to  the  finite  element  method. 

In  particular,  the  stresses  were  very  close. 

10)  Major  delaminations  were  primarily  caused  by  tensile 
stresses  along  the  edge.  Branch  delaminations  are  suspected  of  being 
caused  by  high  shearing  stresses  along  the  +45°/-45°  interfaces 
near  the  free  edges. 

Many  of  these  conclusions  could  be  further  verified  by  the  inves- 
tigation of  a third  stacking  sequence;  for  example,  [0,  +45,  90,  -45],^. 
The  stress  analyses  would  be  used  to  predict  the  types  of  damage  and 
their  locations,  then  the  accuracy  of  the  predictions  checked  through 
the  use  of  the  replication  technique.  More  work  needs  to  be  done  to 
refine  this  technique.  Better  solvents  need  to  be  found,  photographic 
reproduction  methods  improved,  and  specimen  surfaces  polished.  With 
more  study  concerning  the  development  of  damage  at  interior  regions 
of  the  specimens  it  may  be  possible  to  relate  edge  damage  to  interior 
damage.  This  would  be  ideal  in  that  the  state  of  damage  of  the  entire 
specimen  could  be  deterrriined  by  simply  observing  the  damage  present 
along  the  free  edges.  Finally,  the  time-dependent  behavior  of  edge 
damage  should  be  studied  by  conducting  this  investigation  at  a dif- 
ferent frequency. 
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This  investigation  has  been  relatively  specific  in  that  only  two 
laminates  were  studied  and  only  six  specimens  used.  However,  much  of 
the  information  that  has  been  gained  may  apply  for  composites  in  gen- 
eral. Hopefully,  future  investigations  will  be  assisted  through  these 
conclusions.  Certainly  the  replication  technique  is  one  that  can  have 
a wide  variety  of  applications  in  the  damage  study  of  composites.  A 
knowledge  of  the  microscopic  damage  development  of  a composite  is  essen- 
tial to  the  understanding  of  its  macroscopic  behavior. 
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Appendix  A - Development  of  Curing  Stress  Equations 


Section  4.1  presented  in  Eq.  6 and  7 


[»]''  ' AT  {CT-ta]*") 

(6) 

where 

CJ]  » hCA]"'  " [5]''  [o]'" 

(7) 

k=l 

as  an  approximate  method  to  be  used  in  combination  with  plane  stress 
lamination  theory  to  account  for  curing  stresses.  The  formulation  of 
these  two  equations  begins  by  defining  the  strains  as  a function  of 


AT  for  a unidirectional 

laminate  as 

^1  ~ °*1  * 

(Al) 

^2  ~ * 

(A2) 

and 

= 0 

(A3) 

where  AT  is  the  difference  between  the  operating  and  stress-free  tem- 
perature, and  02  are  the  longitudinal  and  transverse  thermal  coef- 
ficients, respectively,  and  the  "T"  superscript  denotes  "thermal." 
This  yields  a combined  thermal  and  mechanical  strain  for  the  unidi- 
rectional material  of 

[e]  = Cc^]  ♦ [e"]  (A4) 

where  the  "M"  superscript  denotes  "mechanical."  Combining  Eq.  2 and 
A4  yields 
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Transforming  this  to  represent  the  stresses  in  the  layer  of  a 
laminate  in  a x-y  coordinate  system  yields 


'x  • 


' ra  I v v'^ 

- a... .AT 


^12  - “xy 


where  (a  , a , a ) are  the  transformed  thermal  coefficients.  The  total 
A y xy 

strain  components  for  a symmetric  laminate  are 


UT  = Ce°]. 


where  [e°]  are  the  midplane  strains.  The  midplane  curvatures,  [k], 
are  zero  since  only  symmetric  laminates  are  being  considered.  Combin- 
ing Eq.  A6  and  A7  and  using  and  abbreviated  form  yields 

[a]''  = - [a]*'  AT}.  (A8) 

Recalling  the  definition  of  the  laminate  stress  resultant  from  Eq.  5 
and  substituting  Eq.  A8  yields 

[N]  = Z {[c J - [a]*^  AT)  h,  (A9) 

k=l  ° 

where  all  layers  are  considered  to  be  of  an  equal  thickness,  h,  and 
n is  the  total  number  of  layers.  By  defining  the  extensional  stif- 


ness  matrix  as 


[A]  = h z C^^ 
k=l 


(AlO) 
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the  stress  resultant  can  be  written  as. 


[N]  = [A]  [e J - hAT  Z [Q]''  [a]''. 
° k=l 


(All) 


As  presented  in  Ref.  7,  [N]  can  be  written  as 


[N]  = m - [N^], 

(A12) 

where 

m = [A]  [e^] 

(A13) 

and 

[n''']  = hAT  Z [a]*^. 

(A14) 

k=l 

[N^]  represents  the  true  thermal  forces  only  if  the  laminate  is  per- 
fectly constrained.  However,  if  the  laminate  is  unrestrained  and 
subjected  to  thermal  loading  only,  then 


[N]  = 0 


(A15) 


and  from  Eq.  All 


hAT  [A]'^  Z [a]^ 

k=l 


(A16) 


However,  since  the  laminates  considered  are  symmetric. 


[£q]  = [cT]  aT, 


(A17) 


where  [oi]  are  the  laminate  thermal  coefficients.  Eq.  7 can  now  be 
obtained  from  Eq.  A16  and  A17,  and  Eq.  6 from  combining  Eq.  A17  and 
A8. 
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